An extrusion-based additive manufacturing process, called the Ceramic On-Demand Extrusion (CODE) process, for producing three-dimensional ceramic components with near theoretical densityis introduced in this paper.In this process, an aqueous paste of ceramic particles with a very low binder content (<1vol%) is extruded through a moving nozzle at room temperature. After a layer is deposited, it is surrounded by oil (to a level just below the top surface of most recent layer) to preclude non-uniform evaporation from the sides. Infrared radiation is then used to partially, and uniformly, dry the just-deposited layer so that the yield stress of the paste increases and the part maintains its shape. The same procedure is repeated for every layer until part fabrication is completed. Several sample parts for various applications were produced using this process and their properties were obtained. The results indicate that the proposed method enables fabrication of large, dense ceramic parts with complex geometries.
Introduction
Several additive manufacturing techniques have been developed or modified to fabricate three-dimensionalceramic components, including 3D Printing [1] , Ink-jet Printing [2] , Selective Laser Sintering (SLS) [3] , Stereolithography (SLA) [4] , Laminated Object Manufacturing (LOM) [5] , and extrusion-based techniques. All of these techniques involve adding ceramic materials layer by layer. Acomprehensive review on additive manufacturing of ceramic-based materials was recently published byTravitzky et al. [6] .
Extrusion-based methods are among the most popular approachesfor freeform fabrication of ceramic components due to the simplicity and low cost of their fabrication system, high density of their fabricated parts, their capability of producing parts with multiple materials [7] and/or as functionally graded materials [8, 9] , and the low amount of material wasted during processing. Majorextrusion-based processes includeExtrusion Freeform Fabrication (EFF), Fused Deposition of Ceramics (FDC), Robocasting (RC), and Freeze-form Extrusion Fabrication (FEF).
EFF [10] was the first technique to utilize extrusion of ceramic slurries (organic-based) to produce three-dimensionalcomponents. Slurries of alumina in liquid acrylic monomers wereprepared and deposited onto a heated platen to retain their shape. The process was further improved and more complex geometries with other materials such as silicon nitride were fabricated [11] . EFF is also the first extrusion-based process to produce ceramic-based functionally graded materials such as ceramic oxides graded to Inconel or stainless steel [8] .
Danforth introduced the concept of FDC [12] . They used a commercial Fused Deposition Modeling (FDM)system fromStratasys Inc. (Eden Prairie, MN, USA) to extrude ceramic-loaded thermoplastic filaments.The filament was liquefied, extruded, and re-solidified to retain its shape. Since then, they have significantly improved their process and have been able to produce high quality parts made of different materials for various applications, especially sensors and actuators [13] [14] [15] [16] [17] .
RC [18, 19] is a renowned freeform extrusion fabrication process of ceramics. The main advantage of RC over EFF and FDC is the use of a lower amount of binder in the feedstock (<10 wt% vs. >30 wt%) which facilitates pre-processing and post-processing. In this process, typically an aqueous suspension from ceramic materials(e.g. alumina, silica, lead zirconate titanate, hydroxyapatite, silicon carbide, and silicon nitride) is prepared and extrudedon to a hot plate to dry and maintain its shape. RC can produce grid or thin-wall structures for various applications, especially bio-fabrication [20] [21] [22] [23] [24] .
In the FEF process [25] , a high solids loading (>50 vol%) aqueous paste containing 1-4 vol% organic additives is extruded in a freezing environment to solidify the paste after itsdeposition. Freeze drying is then used to remove the water content before sintering. This process is also capable of producing complex and functionally graded parts made of different materials such as alumina, zirconium diboride, boron carbide, zirconium carbide, and bio-active glasses [26] [27] [28] [29] . Several advanced control algorithms were also implemented to enhance the performance of extrusion-on-demand and consistency in paste flowrate [30] [31] [32] [33] .
While the latter additive manufacturing processes have theirrespective advantages, they also have limitations. The binder removal procedures for EFF and FDC is difficult and timeconsuming, and sometimes causes severe warpage or other defects. It might require multiple cycles with different atmospheres. For FDC, the feedstock preparation is also burdensome and requires several steps. The filament must also maintain a very high dimensional tolerance (<2% variations in diameter) to ensure consistent flowrates [17] . Although parts of multiple materials could be produced, FDC is not capable of mixing them and fabricating functionally graded parts. It is difficult for RC to build large solid parts due to non-uniform drying which causes warpage and cracks in the parts. Furthermore, due to inconsistency in extrudate flowrate and presence of air bubbles in the suspension, the products are not fully dense and their mechanical strength does not match that of parts produced by EFF and FDC. The latter challenges add to ice crystal formation during the freezing process,and weak layer-to-layer bonding in FEF to further reducethe relative density and mechanical properties after binder removal and sintering. Finally, all these extrusion-based processes suffer from nozzle clogging due to ceramic powderagglomerates and binder agglomerates in the feedstock, and freezing or drying of paste inside the nozzle.
In an attempt to overcome the above limitations, the Ceramic On-Demand Extrusion (CODE) process is proposed in this paper. The feedstock of this process is an aqueous paste prepared in a similar fashion as in FEF. The paste is then extruded at room temperature through a progressive cavity pumpbased extruder to guarantee a consistent flowrate. The solidification of each layer is achieved via partial drying using an infrared lamp, with a liquid oil surrounding the part. This precludes non-uniform evaporation from the sides of the part during the radiation drying and enables fabrication of large solid parts with complex geometries. Moreover, the proposed method reduces the risk of part warpage and crack formation during the binder removal step. Another advantage of this process is that it produces three-dimensional green bodies that can be machined to increase the surface smoothness and dimensional accuracy of the printed parts prior to sintering.Several sample parts are fabricated and their properties are studied.
CeramicOn-Demand Extrusion (CODE) Process

Process Overview
In the CODE processproposed in this paper, viscous suspensions (pastes) of ceramic particles are extruded at controlled flowrates through a circular nozzle. The nozzle is attached to a motion system which is capable of moving in X, Y and Z directions through G & M code commands provided by an indigenously developed tool-path planning software. The extrudate is deposited on a substrate located in a tank designed to hold a fluid medium. Once the deposition of each layer is completed, a liquid feeding subsystem pumps oil into the tank surrounding the layer to preclude undesirable water evaporation from the sides of the deposited layers. The level of the liquid is controlled so that it is maintained at a level that is just below the top surface of the part being fabricated. Infrared radiation is then used to uniformly dry the deposited layer so that the part being fabricated can maintain its shape when the next layers are being deposited on top of it. The part is fabricated in a layer-by-layer fashion by repeating the layered deposition followed by radiation drying with a liquid surrounding the already deposited layers during the part fabrication process. A schematic of the process is shown in Figure 1 .Once the fabrication process is completed, the remaining water content in the fabricated part is removed further by bulk drying to obtain green parts. The post-processing includes removing the binder content and sintering the part at elevated temperatures. For fabricating components that have external/internal features such as overhangs, conformal cooling channels, etc. and cannot be fabricated without the use of support,an inorganic sacrificial material(CaCO 3 )is used to build a support structure. The sacrificial material decomposes during sintering and then dissolves in water or acid afterwards [34] .
Tool-Path Planning Software
Because of limitations of commercial tool-path planning software, a program was developed using Matlab programming language. It is capable of reading the geometry of the part in Stereolithography format (STL), preparing and illustrating the tool-path for each layer, and generating a G & M code for the fabrication machine. The program takes the user inputs (layer thickness, raster spacing, dwell time for the gantry system before each starting point, dwell time for the gantry system after printing each layer, early stop distance, extrusion speed, table speed, distance traveled by the gantry system in Z-direction after each stop, etc.) along with the STL file, slices it by calculating its intersections with constant-Z planes, designs tool-path for each layer and generates the required G & M code for the machine to fabricate the part. The program consists of the following subroutines:
Reading and slicing subroutine: a subroutine was developed in Matlab capable of reading an STL file and cutting it into a desired number of slices (layers) with adjustable accuracy. To obtain the slices for each value of Z-coordinate, the subroutine first checks whether there is an intersection between the Z-plane and each triangle in the STL file. If there is an intersection, it finds the two sides that intersect with the plane. Then, it employs analytical geometry equations to find the intersection point of each side with the plane. Next, it connects the two points to form a segment and continues this procedure to find all segments and determine layer boundaries.
Rastering subroutine: to print each layer, the gantry system should be able to follow a suitable path and fill in boundaries of each layer. A subroutine was developed in Matlab that is capable of identifying boundaries of each slice (produced by the previous subroutine) and generating a tool-path for the gantry system to follow. The rasters could be either in X or Y direction. Assuming rasters in X direction are requested by the user, the subroutine first checks whether there is an intersection between a constant-Y line and each segment in the current layer. If there is an intersection, it employs analytical geometry equations to find the intersection and stores the values in the so-called "t-matrix". Next, it orders "t" so that printing starts at the bottom left of the layer and the first line of material is printed from left to right; then, forthe case of the presence of several lines in the next Y-level, the left-most one is chosen and printed from right to left. This procedure is continued until the top-most line of the layer is printed (see Figure  2 (a)). Then, the same procedure is repeated for the remaining rasters until all rasters are printed ( Figure 2 (b) and (c)). This subroutine is also capable of adaptively changing the line width to increase the dimensional accuracy and/or the productivity as proposed in [35] . G & M code generating subroutine: the output of the previous subroutine is the path that the gantry system needs to follow and command signals to other subsystems of the fabrication machine. Another subroutine was developed in Matlab capable of producing a text file that contains G & M codes (i.e. tool-path, starts and stops, dwell times, table speed, etc.).
Paste Preparation
A nominally60 vol% solids loading alumina paste was prepared using acommercially available alumina powder (A-16SG, Almatis Inc., Leetsdale, PA, USA) in all of the experiments in this study. Other materials including zirconia, silica, boron carbide, 13-93 bioactive glass, zirconium carbide,zirconium diboride, etc. could be potentially used in CODE and are currently under investigation.
The paste was composed of alumina powder, deionized water, ammonium polymethacrylate(DARVAN® C-N, Vanderbilt Minerals, Norwalk, CT, USA), and methylcellulose (MethocelJ5M S,Dow Chemical Company, Midland, MI, USA). For parts which were intended to be freeze dried (as will be discussed in section 2.6.1), 20 wt% glycerol was used as suggested by Sofie and Dogan [36] to prevent the growth of large ice crystals and freezing defects associated with water crystallization.The alumina powder was dispersed in water using0.94 g Darvan C per 100 g of powder,and then ball-milled for ~15 hours to break up agglomerates and to produce a uniform mixture. Methylcellulose (<1 vol%) was dissolved in water and was used as a binder to increase paste viscosity and to assist in forming a stronger green body after drying. A vacuum mixer (Model F,Whip Mix,Louisville, KY, USA) was employed for 12 minutes to mix the paste homogeneously without introducing air bubbles. Finally, a vibratory table (Syntron Material Handling, Saltillo, MS, USA) was used for to remove the remaining air bubbles.
Drying Behavior of Paste Films
Since the CODE process involves layer-wisepartial drying of ceramic paste, a set of experiments was designed and carried out to study the drying behavior of layers during the process. For a given layer thickness and paste properties, the evaporation rate and drying time should be adjusted. If the evaporation rate is too high, cracks may form on the layer surface or the bonding between two successive layers might become weak. On the other hand, if the evaporation rate is too low, the increase in the yield stress of the paste might not be sufficient to maintain the shape of the part or the required drying time might have to be increased too much, which in turn results in unacceptably long fabrication times. A similar argument holds for the drying time. If the drying time is too high, crack formation or weak layer boning may be observed, and if it is too low, the part cannot maintain its shape and deforms. Accordingly, the highest evaporation rate that does not result in crack formation, and the shortest drying time that does not result in part deformation, are desirable in the CODE process.
Crack formation in a layer during drying is the result of stresses caused by pressure gradients in the liquid phase as well as biaxial tension exerted by the substrate.When a portion of the liquid phase in the paste evaporates from the surface, the liquid "stretches" (driven mainly by capillary forces) to cover the dry region. This produces tension in the liquid, which varies in the thickness directionif the evaporation rate is fast relative to the transport rate of the liquid. This pressure gradient may cause warping and/or cracking if thepart body is not stiff and/or strong enough. Furthermore, in the first phase of drying (constant rate period), there is a reduction in the volume of the paste equal to the amount of water evaporated. However, during the drying of a layer on a substrate, the paste cannot shrink at the substrate-paste interface due to adhesion between the two layers. This causes biaxial tension in the paste which increases in the thickness direction.A comprehensive discussion of the drying phenomenonis provided in [37] .
The total stress depends on layer thickness, surface tension, evaporation rate, viscosity, permeability, solids loading, etc. Whether or not this stress results in cracks depends on the fracture toughness, Young's modulus and Poisson's ratio of the paste, whose values change during drying. Lange [38] used Griffith's criterion to calculate the critical thickness of a drying film above which the crack formation initiates. Based on his calculations, the critical thickness is
whereG c is the critical stain energy release rate (a measure of fracture toughness), E * =E/(1-ν), where E is the Young's modulus and ν is the Poisson's ratio, σ is the stress and Z is a shape factor. Thus, to avoid cracking, one can either improve the strength of the paste (e.g. by adding more binder) or reduce the stresses (e.g. by adding surfactants to reduce surface tension or slow drying process of the paste).
Many researchers have studied the drying behavior of ceramic suspension films and examined the effect of various parameters on crack formation. Carreras et al. [39] investigated the effects of solution chemistry, binder and binder crosslinking on the critical cracking thickness of films obtained by drying aqueous alumina suspensions. Their results indicate that the critical cracking thicknesssignificantly increases by crosslinking poly (vinyl alcohol) used as binder. Holmes et al. [40] used a laser speckle interferometry and experimentally studied the onset of cracking during drying of alumina suspensions cast onto a substrate to better understand this phenomenon. Contrary to other investigations, they postulated that the driving force for cracking actually arises from a misfit strain that occurs when the repulsive layers between the particles collapse completely and after the particles have adhered to the substrate. Chiu et al. [41] examined the effect of processing variables on cracking behavior of binder-free granular ceramic films.These variables included particle size, liquid surface tension, evaporation rate, dispersion stability, and sedimentation time. They also examined various types of substrates including glass, Teflon and a pool of liquid mercury. For each case, a critical thickness was obtained above which, cracking occurred.
In the current study, layers of alumina paste were spread on glass substrates and dried using the same infrared heating lamp employed in the CODE process. The objective of these experiments was to study the effect of layer thickness and drying conditions on crack formation and evaporation rates.
The layer thickness can vary between ~100 μm and ~800 μm in the CODE process. Accordingly, layers of 250 μm and 500 μm were chosen to be spread on substrates. For each thickness, three different drying conditions were investigated. In the first set of tests, samples were dried at room condition (~23 °C, ~55% relative humidity, ~0 m/s flow of air). In the second set of tests, the same lamp employed in the CODE process (375 Watt, 120 Volt, BR40 Clear Heat Lamp Reflector Bulb, Westinghouse Electric Corporation, Philadelphia, PA, USA) was used at a distance of 0.21 m (from lamp filament to substrate) to dry the paste. In the third set of tests, the distance was reduced to 0.16 m to increase the evaporation rate. Every experiment was repeated three times and an average was taken. Thus, a total number of 18 samples (2 (thicknesses) × 3 (drying conditions) × 3 (repetitions)) were tested.
The amount of evaporated water was calculated based on the reduction of the mass of the spread paste as a function of time. A digital analytical balance with 0.1 mg readability was continually used to measure the changes in the mass of the paste. The measurement times were also recorded to calculate the evaporation rate as well as amount of evaporation. The instantaneous water content, W (wt%), in the paste was obtained using Equation (2):
whereM t is the instantaneous total mass of the paste (i.e. the reading from the digital analytical balance) and M d is the dry mass of the paste (measured after it is totally dried in an oven).
The most influential parameter in these experiments was the heat flux density ( ���⃗ ) from the lamp at the surface of the paste. The value of heat flux density was estimated using Equation (3):
whereK 1 is the radiation coefficient of the lamp (i.e. the fraction of the input electrical energy transformed to radiation energy),K 2 is the projection coefficient (i.e. the fraction of the radiation energy projected to the paste),P is the power of the lamp, α is the angle of incidence, and d is the distance between lamp filament and paste. For the current experimental setup, K 1 was ~80% [42] ,K 2 was estimated to be ~300% based on the shape of the lamp shading;P andαwere 375 W and ~0 °, respectively. Thus, for d=0.21, the value of heat flux density was ~1.6 kW/m 2 and, for d=0. 16 , it was ~2.8 kW/m 2 .
The results are illustrated in Figure 3 and Figure 4 for 250 μm and 500 μm thicknesses, respectively. Films with 500 μm thickness, and the highest evaporation rate, crackedat ~200 s after ~25% water was evaporated. A sample with cracks is shown in Figure 5 . No cracks were observed in any other samples from the remaining five data sets, even after drying was complete.The initial drying rates (i.e. slopes of the evaporation curves) are given in Table 1 . As expected, both heat flux density and layer thickness played an important role in drying of the films. Increasing the heat flux density expedites the drying process. By increasing the thickness, the volume of the paste increases without a change in surface area. Thus, the amount of water evaporated per unit volume of paste decreases. The results of these experiments were used to tune the process parameters as will be discussed in section 2.5.5. These parameters include the distance between the radiant heat source and the last deposited layer, which corresponds to evaporation rate, and the dwell time between successive layers, which is approximately equal to drying time (since the lamp is radiating only during this time). It should be noted that these results are independent of the area and shape of the layers and can be used for any arbitrary layer geometry. In other words, the side area of a layer is negligible compared to its top area; thus, the amount of evaporated water is proportional to the area of the layer, and mass of evaporated water per unit mass of paste is independent of the area of the layer.
During the fabrication process, the new layer is deposited on the previous layer. Since the previously deposited layer is not rigid, as opposed to the glass substrate, the value of the biaxial tension exerted from the previous layer is lower than the glass. Another inaccuracy of these experiments is that in the CODE process, a portion of the heat received from the lamp is transferred to the previous layers whereas in these experiments, the heat was transferred to the glass.
Fabrication System
The experimental setup consists of a motion subsystem (gantry) capable of moving in three directions, extrusion devices mounted on the gantry and capable of extruding viscous ceramic paste at constant flowrates, an oil feeding device capable of controlling the level of oil in the tank, and an infrared heating subsystem capable of moving the infrared lamp and turning it on and off.The gantry is controlled by a motion card (Delta Tau Data Systems Inc., Chatsworth, CA, USA) whereas all other subsystems are controlled by a real-time control subsystemwith LabVIEW (National Instruments Corp., Austin, TX, USA).
Motion Subsystem
The gantry consists of threeorthogonal linear drives (Velmex, Bloomfield, NY, USA), each with a 508 mm travel range. The X-axis consists of two parallel slides and is used to support the Y-axis. The use of two parallel slides provides a smoother and more stable motion, thus providing a larger work space for part fabrication. The Z-axis is mounted on the Y-axis, and the extrusion mechanism is mounted on the Z-axis. Each of these axes has limit switches on both ends. Four DC servomotors (PMA22B, Pacific Scientific, Rockford, IL, USA), each with a resolver for position feedback at a resolution of 1000 counts per revolution, drive the various axes.
The three-axis gantry system is controlled using a Delta Tau Turbo PMAC card (Delta Tau Data Systems Inc., Chatsworth, CA, USA) which operates the motion subsystem through G & M code via PEWIN 32 software (Delta Tau Data Systems Inc., Chatsworth, CA, USA) running on a personal computer.As discussed in section 2.2, the G & M code is generated by the indigenously developed tool-path planning software.
Extrusion Subsystem
The extrusion subsystem is the core of the entire system and greatly affects the properties of the final products. Li et al. [43] investigated three mechanisms, i.e., a ram extruder, a needle valve and an auger valve, to extrude viscous suspensions. The results of that study indicated that the auger valve mechanism provided the most consistent flowrate and thehighest quality extrusion-on-demand. Accordingly, the same extrusion subsystem was used in this study.
Figure 6shows a schematic of the auger valve.The material is delivered by pressurized air to the auger chamber, and extruded by the rotating auger. The extrusion flowrate is controlled by the rotational speed of aservomotor driving the auger. Figure 7shows the auger valve (Preeflow eco-PEN 300, ViscoTec Inc.,Kennesaw, GA, USA) and its controller (eco-CONTROL EC200-K, ViscoTec Inc., Kennesaw, GA, USA) used in this study.
The eco-PEN 300 auger valve is a progressive cavity pump based dispenser which employs the "endless piston principle" technology [44] . It consists of a helical metal rotor and an elastomeric stator with double-helix holes which create several sealed cavities between them and progress down or up when the rotor turns. Every cavity has a particular volume, so a specific volume is being extruded with each rotation. The intricate geometry of the rotor and stator makes them taper and overlap, and ensures the cavities alternate to provide continuous and non-pulsing extrusion. This technology is capable of handling materials with a wide range of viscosities (10 -3 to 10 3 Pa·s) including abrasive and shear sensitive materials [45] .
The eco-CONTROL EC200-K controller is a separate desktop controller whichcontrols the degrees of rotor rotation and the rotor speed to extrude specific volumes or continuous filaments at a specified flowrate. At the end of the extrusion, the rotor can be reversed shortly to avoid dripping. The controller can be either operated independently with its menu interface or connected via I/O ports to the host controller. 
Oil Filling Subsystem
The oil filling subsystem focuses on maintaining the appropriate oil level in the build tank after each layer is extruded. A mineral oil (FlorasenseLamp Oil, MVP Group International Inc., Charleston, SC, USA) was chosen as the liquid surrounding the part to preclude any interaction between the liquid and the paste. The oil level is monitored and controlled by LabVIEW using a closed loop system.The subsystem begins with an input from the G & M code signaling a desired oil level. The desired oil level is compared to the actual level, given by a level sensor, to produce an error. This error is sent to a PID controller to output a manipulated variable that gives power to a micro gear pumpto control the oil flow rate from the reservoir. A large error in controlling the oil level could be detrimental to the part being fabricated. If too much oil is pumped into the tank, the top surface of the part will be covered by oil and the heat lamp cannot dry that layer. On the other hand, if the amount of oil is not sufficient and thus the oil level is one or more layers below the top layer, cracks and/or warpage might occur on the sides of the part.
Infrared Heating Subsystem
After a layer is extruded, the extrusion head returns to its original position in the far-left corner of the build tank to allow time for oil to be dispensed into the tank and the infrared heat source to partially dry the extruded layer. The infrared heating subsystem positions the infrared lamp(375 Watt, 120 Volt, BR40 Clear Heat Lamp Reflector Bulb, Westinghouse Electric Corporation, Philadelphia, PA, USA) above the building tank and turns it on for the amount of time specified in the G & M code. It then turns the lamp off and moves it away so that the extrusion subsystem can deposit the next layer without interfering with the heating subsystem. Figure 8shows thermal images from the parts in the build tank during the fabrication process before and after applying heat using the infrared lamp. Clearly, there is a considerable increase in the part temperature (~9 °C) which expedites the drying process. 
Tuning Process Parameters
A set of experiments was designed and carried out to obtain the optimum process parameters including nozzle size, nozzle travel speed, rasterspacing, layer thickness, paste flowrate, start dwell time, andearly stop distance. Also, the distance between the lamp and the part, and radiation time of the lamp need to be tuned to evaporate the desired amount of water at the desired rate.
The choice of nozzle diameter depends on the required dimensional accuracy. A smaller nozzle enables printing of finer contours and lines, but prolongs the fabrication time. The extruder used in the CODE system is capable of extruding the paste from nozzles of 150-1000 μm diameter. Most of the sample parts illustrated in this paper (section 3) were fabricated with a 610 μm diameter nozzle.
The nozzle travel speed is the speed of the gantry subsystem in the horizontal (XY) plane.Clearly, a higher speed increases the productivity, but decreases the accuracy (due to vibrations and positioning errors of the gantry subsystem). Similar to many freeform extrusion fabrication systems, thebottleneck in achieving higher productivity in the CODE system is also themaximum safe travel speed. At velocities above ~30 mm/s, there is an observable deviation between the desired tool-path and the actual one. Thus, travel speeds of less than 30 mm/s were chosen to fabricate parts.
Raster spacing is the distance between the middle of the two adjacent lines of deposited material. If a solid part is to be printed, this distance should be equal to the width of the lines. Layer thickness is equal to the vertical distance between the nozzle and previous layer/substrate. Obviously, there is a compromisebetween accuracy and productivity when choosing raster spacing and layer thickness. For parts with simple geometry (e.g. bars and blocks), large width and thickness were selected to increase the productivity, and for delicate parts (e.g. gears), small width and thickness values were chosen to increase the dimensional accuracy. With the current system, the width can vary from ~200 μm to ~1300 μm and the thickness can vary between ~100 μm and ~800 μm.
The required flowrate of the paste could easily be calculated, based on a continuity equation (using the cross-sectional area of extrudate and travel speed), and controlled, by adjusting the rotational speed of the auger valve. This theoretical value was fine-tuned during experiments to preclude any under/over filling.
Start dwell timeis the time delay between sending a command to the auger valve to start extruding, and actual start in flow of paste. This value was measured experimentally by printing dash linesand was used in G& M codes to pause the motion of the gantry before each start.
There is also a delay between sending a command to the auger valve to stop extruding, and actual stop in flow of paste. The distance that the nozzle moves while extruding paste, after sending a command to stop the extrusion was also measured experimentally by printing dash lines. To compensate for this delay, astop command was sent to the extruder before the nozzle reached the desired stop point.
The distance between the lamp and the part, and radiation time of the lamp, were estimated based on the drying experiments discussed in section 2.4. For a given layer thickness and heat flux density, the minimum required radiation time was obtained so that the amount of evaporation was sufficient to maintain the shape of the part. The same experiments were repeated with higher heat flux densities until a crack was observed in the part. In this way, the maximum heat flux density and minimum radiation time were determined for each layer thickness.
Post-Processing
Once a partwas completely formed, the oil bath was drained and the piece was bulk dried to remove remaining water. The binder was then removed through a burnout process. The calcined or "brown" part was then sintered to obtain a final part.
Bulk drying
Two different methods were used to eliminate the remaining water content in the part. In the first approach, water in the part was first frozen and then removed through sublimation by using a freeze dryer (Genesis 25L, VirTis, Stone Ridge,NY, USA). The temperature was set at -10°C and pressure was 2.0Pa (15mTorr) for three days. Humid drying was used as an alternative approach.An environmental chamber (LH-1.5, Associated Environmental Systems, Ayer, MA, USA) was used to control the temperature and humidity during the drying process. After several experiments, 75% relative humidity at 25 °C was determined for the first 4-6 hours of drying. This condition guaranteedsafe drying (i.e. no cracks or warpage). After the first stage of drying, shrinkage was completed and higher drying rates could be achieved without introducing flaws by increasing the temperature. Figure 9 shows the drying behavior of a sample part (5×5×2 cm 3 ) for which the drying temperature was held constant (at room temperature) throughout the process. From the figure, ~65 hourswas required to dry the part.However, ~20 hourswas achievable by increasing the temperature in the second stage. The properties of the parts produced using freeze drying and humid drying are compared in section 4. Figure 9 . Drying behavior of a sample part at room temperature.
Binder burnout and sintering
A heating rate of 1 °C/min was chosen for the binder burnout process to avoid high weight reduction rates. The parts were maintained at 450 °C for two hours.The samples were then densified with a heating rate of 5 °C/minin an electric furnace (Deltech Inc., Denver, CO, USA). They were sintered at four different temperatures (1550,1600, 1650 and 1700 °C) and two different hold times (2 and 5 h).The microstructure and density of each group were examined and are discussed in section 4.
Sample Parts
Impeller
To examine the performance of extrusion-on-demand in practice, fairly complex parts with numerous starts and stops were printed. Figure 10 shows an example of these parts, which is an impeller in the green state. As could be seen from the picture, no visible printing flaw is observed in the part. 
Gear
To investigate the capabilities of the process and system to fabricate solid and monolithic parts with complex geometries, a solid gear was chosen and successfully built. As shown in Figure 11 , the part is free of pores between contours and lines. 
Smart Refractory Lining Block
As an application of the CODE process, fabrication of smart refractory linings was considered. It is of prime importance to monitor several parameters (e.g. temperature, pressure, and spalling of walls) in the integrated gasification combined cycle of coal and other carboncontaining fuels. A novel approach to this end is embedding several sensors in the linings of the chamber during the fabrication process. This approach could lead to more accurate measurements, better protection of the sensors, and maintenance of the strength of the linings. Figure 12 demonstrates a lining block in which a mock-up sensor issuccessfully embedded during the fabrication process. 
Catalyst Support
An important characteristic of catalyst supports is their surface area to volume ratio. A scaffold structure has a high area to volume ratio; however, it is not feasible to fabricate the structure using traditional manufacturing processes. The CODE process was used to fabricate scaffolds as shown in Figure 13 . They were successfully coated with a catalyst as illustrated in Figure 14 . 
Prosthetic Hip Joint
Alumina is a common material used to produce prosthetic hip joints due to its hardness and biocompatibility [48] . Additive manufacturing of these joints can enable expedited production of custom-made joints at a reasonable cost. A spherical solid part resembling a hip joint was fabricated using the CODE process (see Figure 15 ). An advantage of this process is producing relatively strong green parts which could be readily ground to improve the surface quality prior to sintering. Figure 16 shows the same part after manual grinding. Clearly, there is a significant improvement in the surface quality. 
Higher Resolution Parts
Clearly, another way to improve the surface quality is using a finer nozzle. Figure 17 shows two sintered parts; the one on top was printed using a nozzle with an internal diameter of 254 μm.The bottom part was printed using a nozzle of 610 μm diameter. 
Properties of Printed Parts
Density
Archimedes' technique was used to measure the density of the printed parts after sintering. After the dry mass was recorded, samples were saturated by submersion in distilled water and placing them under vacuum for 12 h. The saturated and suspended masses were then measured to calculate the final density. The results are given in Table 2 . When using the same sintering schedule, the density of freeze dried samples are considerably lower than samples dried in the humid environment. This is partly due to voids caused by ice crystal formation during freezing of samples as discussed in [49] . In addition, expansion of water (~9 vol%)during freezing results in a lower green body density.Unlike humid drying where ceramic particles are dispersed in a liquid medium and can easily move during drying (causing shrinkage), in freeze drying, particles are not free to move during the drying process. Accordingly, the relative density of freeze dried parts are considerably lower than the humid dried parts (52% vs. 61%) and a higher sintering temperature/time is required to densify the freeze dried samples. Nevertheless, if sintered at appropriate conditions, dense parts could be fabricated using the CODE process. The remaining porosity (1.5%) is attributed to residual air bubbles in the paste and/or binder agglomerates which create voids during binder removal. The size of these defects is typically tens of micrometers.
Microstructure
Samples were polished to a 0.25μm finish using diamond particles and thermally etched at 1300 °C for 30 min to reveal their microstructure. Microstructural analysis was performed using a scanning electron microscope (Helios Nano Lab 600, FEI Corp., Eindhoven, Netherlands). Figure 18 shows the cross-section and microstructure of a printed sample(humid dried and sintered at 1550 °C for 2h). No printing flaws are observed in these pictures. The grains are equiaxed andsmall (<5 µm). Figure 18 . Cross-section and microstructure of a printed sample (humid dried and sintered at 1550 °C for 2h).
Conclusions
A freeform extrusion fabrication process for producing solid ceramic parts was introduced in this paper. The developed tool-path planning software, paste preparation steps,subsystems of the fabrication system, and post-processing were explained. To examine the capabilities of the process, several parts for various applications were built and their density and microstructure studied. The CODE process has been shown to be able to produce large complex parts (up to tens ofcentimeters) with near theoretical density (>98%) and a uniform microstructure. Other extensive studies [50] [51] [52] demonstrated capabilities of CODE to produce mechanically strong parts from different materials.Other advantages include facile preparation of feedstock, low amount of binder content expediting the post-processing, feasibility of embedding sensors [53] , andthe capability of grinding products in the green state. 
